QCD Lecture 4 - P. Skands - European School of High Energy Physics 2010

The Tyranny of Carlo

" J. D. Bjorken

“Another change that I find dis"ggrbing is the rising tyranny of
Carlo. No, | dor’t mean that fellow who runs CERN, but the other one, with first name

Monte.
The simultaneous increase in detector complexitg and in

comPutation power has made simulation techniciues an essential feature of
contemporarg experimentation. The Monte Carlo simulation has become the maﬂ'or
means of visualization of not onlg detector PerFormance but also of Phgsics
Phenomena. So far so goocl.

But it often hap ens that the Ph sics simulations Proviclecl ]33 the
the MC generators carry the authoritg of data itself. Theg look like data and feel like
clata, and if one is not careful theg are accePted as it theg were data. All Monte Carlo
codes come with a GIGO (garbage in, garbage out) waming label. But the GIGO
warning label is%ust as easy fora Phgsicist to ignore as that little message on a Packet
of cigarettes is Tor a chain smoker to ignore. | see nowac ays exPerimental papers that
claim agreement with QCD (translation: someone’s simulation labeled QCD) and/or
disagreement with an alternative Piece of Phgsics (translation: an unrealistic
simu%ation) , without much evidence of the inPuts into those simulations.”

Authors: can we do better than the GIGO label? Uncerfainty Bands

Users: account for paramefers and report on pertinent cross-checks and validations




Count what is Countable

Measure what is Measurable

(and keep working on the beam) ©¢¢

M folding
S Generators Detec—‘-c"r e
Amplitudes Hits

Monte Carlo . 0100110
Resummation Theory = Feedbackloop  Experiment GEANT
Strings B-Field

Measurements corrected to
Hadron Level

Theory worked out to
Hadron Level

with acceptance cuts
(~ detector-independent)

with acceptance cuts
(~ model-independent)

Unfolding beyond hadron level
dilutes precision of raw data
(Worst case: data unfolded to ill-
defined ‘MC Truth’ or ‘parton level’)

If not worked out to hadron
level: data must be unfolded with
someone else’s hadron-level theory



Monte Carlo Generators

Calculate Everything = solving QCD — requires compromise!

Improve Born-level perturbation theory, by including the 'most significant’ corrections
— complete events — any observable you want

1. Parton Showers 1. Soft/Collinear Logarithms
2. Matching m 2. Finite Terms, “K”-factors
3. Hadronisation 3. Power Corrections (more if not IR safe)

4. The Underlying Event 4. ?

(+ many other ingredients: resonance decays, beam remnants, Bose-Einstein, ...)



Monte Carlos and Precision

e A Good Physics Model gives you

e Reliable calibrations for both signal and
background (e.g., jet energy scales)

® Reliable corrections (e, track finding efficiencies)
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Compromises

» The present state of phenomenology

* Heavily based on semi-classical approximations
= | eading Order, Leading Log, Leading Color, semi-classical string models

e Sufficient to reach O(10%) accuracy (with hard work)
= = sufficient to get overall picture during first few years of LHC running



Compromises

» The present state of phenomenology

* Heavily based on semi-classical approximations
= | eading Order, Leading Log, Leading Color, semi-classical string models

e Sufficient to reach O(10%) accuracy (with hard work)
= = sufficient to get overall picture during first few years of LHC running

» However

* Purely experimental precision will reach much better than 10%
* Next machine is a long way off

» The task of phenomenology in the LHC era

* Gain a complete understanding of ‘known’ physics > PHENOMENOLOGY OF

EVERYTHING (POET), such that Questions can be asked, measurements
performed, with little or no limitations imposed by theoretical accuracy

» The more immediate danger

* |s caused by the paradigm implied by being accustomed to events that both
look like data and have an underlying (semi-)classical picture
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The Problem of Measurement

» |t is tempting to correct measurements for “annoying” effects

* Measurements are performed on long-lived / macroscopic
objects which are almost classical

[Correspondence: Large quantum numbers - classical

(C961-SESL) 440D SJaN;




The Problem of Measurement

» |t is tempting to correct measurements for “annoying” effects

* Measurements are performed on long-lived / macroscopic
objects which are almost classical

[Correspondence: Large quantum numbers - classical

* Theory (MC): In Resonant, Singular, and Non-Perturbative
limits, quantum - semi-classical “MC truth”
" There either was or wasntaH/W /t/ ... in this event

(C961-SESL) 440D SJaN;

= Bremsstrahlung either was off this parton or off that parton
= A string goes from this parton to that parton
® This pion went over here, that pion went over there

* =>» hadron-level - parton-level corrections, imagining an “LO”
matrix element (with asymptotic incoming and outgoing partons) Sitting in
the middle of a bunch of gook, etc.

/Complementarity: The wave function is subjective, and it is all

you're going to get - The “underlying classical truth” does not
_exist (no hidden variables)




Monte Carlo Truth

e Example: Z— U pT distribution.
e Measured: final-state leptons (+ photons)

e QED is “known” - use MC/model to correct o
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The Q" in QED

®“MC Truth” is: useful indicator of dominant path.
Equivalent to Young knowing which slit the photon passed through!

In Quantum Mechanics

e Photons emitted off other particles interfere with
those from Z decay -

e Leptons from Z decay may interfere with other
leptons in event -

® “MC Truth” is not: quantum mechanically meaningful



A Proposal

G. Hesketh et al., in arXiv:1003.1643

® While it is essential to provide the data in terms of
observables, it may still be desirable to derive further
theoretical corrections for comparisons ...

® We recommend such correction factors be provided
ina tabl_a rath_er than belng applled to the data
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A Quantum Paradigm

(listen to Niels!)

Minimize dependence on theoretical assumptions

VWhatever you do ...
Define it in terms of
Physical Observables

(with as small corrections as possible)

THEN

Extract theoretical quantities
from those observables




From here on

“*Monte Carlo Truth”
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Starting Point

do g r(y, b, |,
ZZ Sl 02 iy, 07 et 20 £, Q5 )

dX;

Want to generate events

In as much defail as Mother Nature
Get average and fluctuations right

Make random choices = as in nature

Ofinal state — 9hard process 73tot,hard process—final state

where Piot = Pres Pisr PFsr PmiPremnants Phadronization Pdecays
with P, = 1L; Pij = 11 11k Pijr. = - - In its turn

——> divide and conquer




Evolution

A evenk wikth n par&i&tes

Involves O(10n) random choices

(M’ ram/branching/decay/... = 10 choices)
|

N\

A
~ Parton S
“Hard T Showers ey Hadronization

Part B + Multiple 57 + Remnants

T 10 B Interactions  aums
2P 10 Ecpg — ~1 GeV ~10°m
Multi-GeV
Low Qr
Ox X O’

X+1+1+1 hierarchy
(strongly ordered)
— Born + LL = OK
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Evolution

A evenk wikth n par&i&tes

Involves O(10n) random choices

(each dimdnching/decay/... ~ 10 choices)

N\

A
~ Parton —
N Hard B Showers ey Hadronization
Part T + Multiple 57 + Remnants
=T 10 B Interactions  aumg
rJP 10 Ecpy y— ~1 GeV ~ 105 m

Multi-GeV

18

Low QF

Ox X O3
X+1+1+1 hierarchy
(strongly ordered)
— Born + LL = OK




Evolution

A evenk wikth n par&i&tes

Involves O(10n) random choices

(each diagram/bram“ly/ ... =~ 10 choices)

N\

A
~ Parton S
“Hard s Showers ey Hadronization
Part T + Multiple 57 + Remnants
o 1o B Interactions  same
2P 10 Ecpg — ~1 GeV ~10°m

Multi-GeV
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Low QF

Ox X O3
X+1+1+1 hierarchy
(strongly ordered)
— Born + LL = OK




Evolution

A evenk wikth n par&i&tes

Involves O(10n) random choices

(each diagram/branching/mz 10 choices)

N\

Xy
"~ Parton —»
Hard TS Showers g Hadronization
Part T + Multiple o + Remnants
=T 10 B Interactions e
-Up o : — ~1GeV ~10""m
Multi-GeV
Low QF
Ox X O3

X+1+1+1 hierarchy
(strongly ordered)
— Born + LL = OK
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Evolution

A evenk wikth n par&i&tes

Involves O(10n) random choices
(each diagram/branching/decay/ ... ~ 10 choices)

N\

A
~ Parton o
BUCCEEE S Showers ey Hadronization
Part ' + Multiple e + Remnants
T 10 B Interactions  game
2P cf A w— ~1GeV~10"m

Multi-GeV

Divide and Conquer
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Hard Process

Resonance Decays

Matching

Parton Showers

Underlying Event

Hadronization

Ordinary Decays

General-Purpose

HERWIG

PYTHIA

ISAJET

SHERPA

Specialized

Alot ...

HDecay, ...

MC@NLO, POWHEG

ARIADNE/LDC, NLLJET,
VINCIA

PHOJET, DPMJET

None?

TAUOLA, EvtGen, ...




Main VWorkhorses

HERWIG, PYTHIA and SHERPA intend to offer a convenient framework
for LHC physics studies, but with slightly different emphasis:

PYTHIA (successor to JETSET, begun in 1978):

e originated in hadronization studies: the Lund string

e leading in development of multiple parton interactions
e pragmatic attitude to showers & matching

e the first multipurpose generator: machines & processes

HERWIG (successor to EARWIG, begun in 1984):

e originated in coherent-shower studies (angular ordering)

e cluster hadronization & underlying event pragmatic add-on
e large process library with spin correlations in decays

. SHERPA (APACIC++/AMEGIC++, begun in 2000):

e own matrix-element calculator/generator

£ e extensive machinery for CKKW matching to showers
. /? e leans on PYTHIA for MPI and hadronization

’1 Slide from T. Sjostrand




Hard Processes

Wide spectrum from “general-purpose” to “one-issue”, see e.g.
http://www.cedar.ac.uk/hepcode/
Free for all as long as Les-Houches-compliant output.

|) General-purpose, leading-order:

e MadGraph/MadEvent (amplitude-based, < 7 outgoing partons):
http://madgraph.physics.uiuc.edu/

e CompHEP/CalcHEP (matrix-elements-based, ~< 4 outgoing partons)

e Comix: part of SHERPA (Behrends-Giele recursion)

e HELAC-PHEGAS (Dyson-Schwinger)

Il) Special processes, leading-order:

e ALPGEN: W/Z+ < 6j, n\W +mZ + kH+4 < 3j, ...
e AcerMC: ttbb, ...

e VECBOS: W /Z4 < 4]

lIl) Special processes, next-to-leading-order: Note: NLO codes not yet
e MCFM: NLO W/Z+ < 2j, WZ, WH, H+ < 1 generally interfaced
e GRACE+Bases/Spring to shower MCs

Slide from T. Sjostrand
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Color Flows

Projected onto N¢— o0

Needed b}j Parkton Showers + Hadrownizakiown

E.g., select between:

/)

Showers: create dipoles / coherence cones
Hadronization: set up confinement

Solution: use normal IM|? to compute cross section
Use the relative fractions in Nc—co to decide which flow

Illustrations by T. Sjostrand



Parton Showers

~ Exclusive Resummation

24



Loops and Legs

Resumnmmakion

Born+Res

%(2) % +1(2)

ANAN

XM —X 410X 4 20X 430

*** Conformal/Bjorken
\\\\\\\TK\\\\\\TK\\\\\\\T Scaling
Jet-within-a-jet-within-a-jet-...

X+10—X4+2@-x4+30@—

Loops

. TExponen’ria’rion

Legs



Resummation
“DLA” :,: :: doy = ... -

d.S‘al d.5‘1b

do. doxiq ~ 2¢°do

* —— 80,1 'Slb
72

9 dSaQ d.S‘Qb
C10'X+Q ~ 2_9 dO'X_H

\\\ Sa2 S99
d.S‘ag d33b

doxyg ~ 2g2dax+2

KLN

Sa3 S3p

Interpretation: the structure evolves + UNITARITY
Virt = — Int(Tree) + F

(or: given a jet definition, an event

0X+1(Q) = GX;incI_ GX;ech(Q)

has either O, |, 2, or n jets)

This includes both real and - e — &
. . AN & - X T X 1
virtual corrections Hiexd "

— OX — O0X+41l:exel — OX+2:excl — ---
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Born to Shower

(0)5 {p} : partons
= 4 ulP50 -0k o

Wy

do
Born 10

But instead of evaluating O directly on the Born final state,
first insert a showering operator

BOr‘n do {p} : partons

+ shower 49

- / 10y w S({p}x, O)
PS

S : showering operator

To first order, S does nothing
S(rix, 0) = 4(0 = O({pix)) + Olas)



The Shower Operator ‘

To Lowesk Order
S<{p}xa 0) =46(0 — 0({20})())

To First Order (unitarity)

s(01x.0) = (1 [t ) sO-0(n))

thad dP
; / dtx1———0(0—-O({p}xs1))
tstart

dt x 41

Splitting Operator
* < _/ dPx411 wx41

B d(DX Wy

= Shower approximation
PS of X = X+l




The Shower Operator ‘

To ALL Orders (Markov Chain)
S({p}x, O) — A(tstaufta thad)5(0_0({p}X))

"Nothing Happens” — “Evaluate Observable”

thad  JA(¢
_/ d ( start ) ({p}X+1, O)
tstart dt

"Something Happens” — “Continue Shower”

All-orders Probability that nothing happens

ta g (Exponentiation)
A(tl, tg) — CXP (—/ dt —7))
L



Splitting Functions

“DLA” as,,
(10'_\' ——
Saiib -

ds,q dsqp

%

* dO--Y—I-l ~ 2g2do-l\,
X

] Sal S1b

SWLL&&LMQ Opero&gr D — / dPx 11 wx41
d(I)X wX

Examples PS

102
Ppcrap = Z / ﬁdz Pi(z

D _ / dSidejk‘Mg(Sij,Sjk,S>‘2
Antenna 16725 |M2<S>|2




Splitting Functions

(E.g., HERWIG, PY THIA)
AP, =3 22 P, _u(2) dtdz .
b,c 2m
1+ 22
Pi—qe(2) = CF 1 _ .
(1—-2(1-2))
P_> — N )
g gg(Z) C Z(l . Z)
Peqq(?) = Tr(2*+(1-2)%),
1+ 22
Poogy(2) = 6<2;1 1 _ 5
14 22
Prn(z) = € T

4 . )
Dipole-Antennae
(E.g., ARIADNE, VINCIA)
dsjjds
dPrx—ijk = a2 alSi, Sjk)
_ 2CF
Agq—q9q = sijsjk (23@7@3 + S T Syk)
2 2 3
Qgg—qgg = sw i (25Z ST 8 T i — Sij)
3 g3
__ 1R g 2
Agg—gq'q = Aqg—qq'¢
.. + non-singular terms
\_ J

NB: Also others, e.g., Catani-Seymour
(SHERPA), Sector Antennae, ....




Coherence

QED: Chudakov effect (mid-fifties) APPT‘ ximations +
(0 artio (0,

Coherence:

UVAVAVAVAVAVAVAVAVAY o
cosmic ray v atom

Angular Ordering (HERWIG)

. . . .o . NI Angular Vetos (PYTHIA)

Coherent Dipole-Antennae

reduced normal (ARIADNE, CS, VINCIA)
lonization lonization

emulsion plate

QCD: colour coherence for soft gluon emission
2 2

solved by e requiring emission angles to be decreasing
or e requiring transverse momenta to be decreasing

Illustrations by T. Sjostrand



The Initial State

Parton Densities and Initial-State Showers
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Parton Densities for MC

_éor;ss wi’thO cn‘rix elems g |
Effectively ‘tuned’ fo absorb missing NLO contributions|
But they give quite bad fits compared fo NLO ... |
Formally consistent with NLO matrix

Effectively 'tuned’ with NLO theory

Best of both worlds?

PDF has always had an impact on generator tuning

But now we are going the other way: tune the PDF!

Still gaining experience. Proceed with caution & sanity checks |
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Initial-State Evolution
= Spacelike (backwards) Evolution

ISR:

2='|'<O

Virtualities are Virtualities are
Timelike: p%>0 Spacelike: p*>0

Start at Q% = s Start at Q% = Q2

Unconstrained forwards Constrained backwards evolution

evolution towards boundary condition = proton

35



Evolution Equation

DGLAP for Parton Density

' fo(@ ) agpe(t) x
(z,t) 2 Fabe (:::)}
Z a2c<t/) Pa—>bc(z) xlf@(x,’ If/)} )
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Hadronization

program PYTHIA HERWIG (&SHERPA)
model string cluster
energy—momentum picture powerful simple

predictive unpredictive
parameters few many
flavour composition messy simple

unpredictive in-between
parameters many few

Small strings — clusters. Large clusters = strings

: Illustrations by T. Sjostrand
v



Constraints

and Tuning

38



Constraining Models

® A wealth of data available at lower

O&Ii LEP i energies
T SLLHERA ® Used for constralnlng (tunlng)
 spRHIC

vatron theoretlcal models = ot

ooooo




Constraining Models

® A wealth of data available at lower

o -
> | energies
0% LEP "= ” -
RHIC ™ HERA ® Used for constraining (‘tuning’)
SPS ‘evatron theoretical models (E.g., Monte

Carlo Event Generators)

® The low-energy LHC runs are giving us a unique chance
to fill in gaps in our knowledge at lower energies

® Which model would you trust more? One that also

describes SPS, RHIC, Tevatron, Low-Energy LHC? Or one
that doesn’t?




Constraining Models

® A wealth of data available at lower

o -
> | energies
0% LEP "= ” -
RHIC ™ HERA ® Used for constraining (‘tuning’)
SPS ‘evatron theoretical models (E.g., Monte

Carlo Event Generators)

® The low-energy LHC runs are giving us a unique chance
to fill in gaps in our knowledge at lower energies

® Which model would you trust more? One that also

describes SPS, RHIC, Tevatron, Low-Energy LHC? Or one
that doesn’t?

But wait ... which gaps!?



Gaps

® QCD pheno evolving rapidly

® The models that were tested 20 years ago are
not the models of today

® (Capabilities of experiments are different today
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3 Kinds of

Tuning " =22

1. Fragmentation Tuning

Non-perturbative: hadronization modeling & parameters
Perturbative: jet radiation, jet broadening, jet structure

2. Initial-State Tuning

Non-perturbative: PDFs, primordial kr

Perturbative: initial-state radiation, initial-final interference

3. Underlying-Event & Min-Bias Tuning

Non-perturbative: Multi-parton PDFs, Color (re)connections,
collective effects, impact parameter dependence, ...

. Multi-parton interactions, rescattering
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Tuning Problem

Fundamenkal Problem

In all but the softest hadronic collisions (soft min-bias,
soft diffraction), particle production has partly
perturbative origin

— Need to FIRST make sure one has a SUFFICIENTLY
GOOD description of the PERTURBATIVE physics

Useless to get the right number of tracks, if their

energy flow distribution is completely wrong
(E.g., adding a soft string to make up for a missing jet is not optimal)

But pQCD is calculable ... should we ‘tune’ it?
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Pure pQCD - the “parton” level

Default PYTHIA ¥ - No Hadrownization

Thrust Oblateness

Frrpeey OO
Entries 78145

& Ervies, 78145 Eries 100000] 4 T |
Q P- Mean | 0.06554 1ok|- Mean  0.08985 Mean  0.2567 Mean  0.05789
w | RMS | 006141 - RMS  0.08486 RMS 0.1921 i RMS  0.0B75
. 10 s : 'H\“M 10 10 |

\ B uv "
Q2 U IR — 1 "
> 0 b (IR >
o
£ ]
|_

Q
(W)
<
N
|
@]
\Y)
i -
—

Q 02 04 06 028 1 0 02 04 06 08
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Hadron Level

Default PYTHIA ¥ + Hadrownizakion

Thrust Oblateness [ 0

«y Entries . 77879 Entries 100000 «y Entries 77879 1 Entries 77879
E Mecan : 0.06666 Mcan 0.07817 ‘ Mecan 0.2638 ' E Mcan 0.06219
RMS : 0.05997 RMS 0.0788 RMS 0.1856 RMS 0.088396

i . t"-
10 ™ -“H“« 10 10
: "",., : : o L
IR

N uv i UV , uv i
E IR iy > 'El IR —> 4
f «——— o € W < uv

o 16 = hy bR T, ——>

10" iy

—
(=)
.

I

Q
(W)
-
(7))
>
N
@]
\)
<
—

L i 7t
14 - i - 1.4 i -
1.2 F 2F 2

e
I
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o8 HH 08 08 08

Theory/LEP
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o, WAt ... 1S This Crazy?

strong coupling constant as(mz) 0.1176(20)

These resulks
Obtained with as(Mz) = 0.14 # World Average = 0.1176 + 0.0020

Value of o

Depends on the order and scheme
MC = Leading Order + LL resummation
Other leading-Order extractions of s = 0.13 - 0.14
Plus uncertainty from different effective scheme

So, n my opinion, Ltk is not so crazy

We should ‘tune’ (or ‘measure’) even pQCD parameters with the
actual generator. The sanity check is whether we are consistent
with other extractions at a similar formal order, within the
uncer’rain’ry at that order (including an (unknown) scheme redefinition)



Tuning in the Infrared

1. Fragmentation Tuning

Constrain incalculable model parameters

Similar fo fitting fragmentation functions, or measuring form
factors, ... but can look at much more exclusive information!

Ie.,, a "measurement” within the given model context

Good model — good fit. Bad model — bad fit = improve model

\ )qu Nacp IR o s
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Fragmentation

® Normal MC Tuning Procedure:

® Fragmentation and Flavour parameters constrained at
LEP, then used in pp/ppbar (Jet Universality)

® But pp/ppbar is a very different environment, at the infrared level!
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Fragmentation

® Normal MC Tuning Procedure:

® Fragmentation and Flavour parameters constrained at
LEP, then used in pp/ppbar (Jet Universality)

® Check fragmentation in situ at hadron colliders

® N and prspectra (and x spectra normalized to ‘jet’/minijet energy?)
Identified particles highly important to dissect fragmentation

® Fully Exclusive — Particle-Particle CORRELATIONS

® (How) do the spectra change with (pseudo-)rapidity? (forward = synergy

with cosmic ray fragmentation, different dominating production/fragmentation mechanisms
as fct of rapidity? E.g., compare LHCb with central?)

® How do they change with event activity? (cf. heavy-ion ~ central vs peripheral
collisions, hard trigger event (UE))



Tuning the Initial State

PS, “The Perugia tunes”, arXiv:1005.3457 [hep-ph]

Drell-Yan

1800 GeV p+pbar 1800 GeV p+pbar
Transverse Momentum of Z/y* [66 < Mzﬁl./GeV <116]

Iransverse Momentum of Z/y* [66 < MZ,‘(*/GeV <116]

A

2 % CDF data - % CDF data
ol —e— SO(A)

2. Initial stabe HIW Sy
Constrain os and 'y )
“primordial kr’ |

Similar to fitting R | S

Pythia 6.423
Data from CDF Collaboration, PRL84(2000)845

Drell-Yan

1/0 dofdp,

Data from CDF Collaboration, PRL84(2000)845

PDF functions
15 20 25 30 15 20 25
p,(hard system) [GeV]

p,(hard system) [GeV]

Main reference:
Drell-Yan pr, + Jets e —
(also DIS) R

Complication:

—6e— Perugia 0
fffff Perugia HARD
° ° °

Initial-Final

interf | |

| n er eren Ceo 50 100 150 200 250 50 100 150 200 250

Pythia 6.423
Pythia 6.423
Data from DO Collaboration, PRL100(2008)102002

Perugia SOFT
Data from DO Collaboration, PRL100(2008)102002
20 25 30

15 20 25 30 15
p,(hard system) [GeV] p, (hard system) [GeV]

Transverse Momentum of Z/y* [40 < MZ,‘V,./GeV <200]
% DO data
A A
--v-- DW
-k - Pro-Q20

1/0 dofdp,
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Generators - Summary

® Allow to connect theory < experiment
e On PHYSICAL OBSERVABLES

® Precision is a function of Model & Constraints

® Random Numbers to Simulate Quantum Behaviour

® Fixed-Order pQCD supplemented with showers,
hadronization, decays, underlying event, matching, ...

® No single program does it all

® +Variations needed for uncertainty estimates!
® Rapid evolution of theory/models/constraints/tunes/...

® Emphasis on interfaces, interoperability
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Preparation for Pythia 8

® The code is entirely standalone. All you need isa C
compiler

® Download the tarball from the Pythia 8 web site (you

can also just type Pythia in google, but be careful to
get PYTHIA 8, not 6)

http://home.thep.lu.se/~torbjorn/pythia8/pythia8135.tgz

® Unpack it, move to pythia8135/ directory
® /configure

® make
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(The Shower Operator)

Adc.a. the “evolution oy@.raﬁo'r” S({p} ,0)
"Evolves” phase space point: X = X+l = X+2 — ..

As a function of “time” t = -2In(Q/Qstart)
Observable is evaluated on final configuration (at Q=0)

S MME«&O\T:;E (as long as you never throw away or reweight an event)

Total (inclusive) 0 unchanged (OLo, ONLo, ONNLO, Oexp, )
— Only shapes are predicted (i.e., also 0 after shape-dependent cuts)

Can expand $
To any fixed order (for given observable)

Can check singular limits and agreement with ME at same order

matching
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(Additional Observables)

e Particle-Particle Correlations probe
fragmentation beyond single-particle level. E.g.,:

® A baryon here, where’s the closest antibaryon?

® + |s the Baryon number of the beam carried into the detector?
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PDF DGLAP : Detalils

» d X, 2 Qg L X/Z, 2
We Wrote: Z(|n52) - Z/ dz P () 9 /Z 1)

A - 4

Pqq®q

More properly, its a gain-loss equation (same equation, rewritten):

dq(X7 :uz) s ! q(X/27 luz) (s : 2
Tl ) — 52 [ dzpaa() ) - 22 [z () gt )

1+ 22
1— 2z

Pqq is real g < g splitting kernel: p,,(z) = Cr

First term: some partons flow from higher y=x/z to x (POSITIVE)
Second term: some partons at x flow to lower y=zx (NEGATIVE)

How can they be the same equation?
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PDF DGLAP : Detalils

Awkward to write real and virtual parts separately. Use more compact
notation:

dg(x, 11?) o / : q(x/z, 11°) 1422
= — dz P P.,.=C
d |n ,LL2 27_‘_ N 74 qQ(Z) > y qq F N

N

Pqq®q

This involves the plus prescription:

[ dzle@) fa) = [ dzgla) o)~ [ dzela) )

z = 1 divergences of g(z) cancelled if f(z) sufficiently smooth at z =1
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Tests/Constraints

Tests: does the model work at all?

Constraints: given that it works, constrain
ITs parameters

More precise measurements often shift
the boundary: constraining to the
breaking point — old models die
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Change with Event Activity

® One (important) example: <pt>(Nch)

http://home.fnal.gov/~skands/leshouches-plots

‘4 1960 GeV p+pbar Inelastic, Non-Diffractive
s 1.
QQDJ Average Charged Particle p; (In]|<1.0, p,>0.4GeV)
A ® CDF data
a
V1.4

1.2

1
0.8
0.6
0 10 20 30 40 50

N, (In|<1.0, p,>0.4GeV)

‘—__;

Peripheral Centra

>

The pr1 spectrum
becomes harder

aS we Increase
Nch.

Important tuning

reference (highly
non-trivial to
describe correctly)

(Color reconnections, string interactions, rescattering, collective flow in pp, ...7)
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